Subarachnoid hemorrhage (SAH) causes secondary brain injury due to vasospasm and inflammation. Here, we studied a rat model of mild-to-moderate SAH intended to minimize ischemia/hypoxia to examine the role of sulfonylurea receptor 1 (SUR1) in the inflammatory response induced by SAH. mRNA for Abcc8, which encodes SUR1, and SUR1 protein were abundantly upregulated in cortex adjacent to SAH, where tumor-necrosis factor-a (TNFa) and nuclear factor (NF)jB signaling were prominent. In vitro experiments confirmed that Abcc8 transcription is stimulated by TNFa. To investigate the functional consequences of SUR1 expression after SAH, we studied the effect of the potent, selective SUR1 inhibitor, glibenclamide. We examined barrier permeability (immunoglobulin G, IgG extravasation), and its correlate, the localization of the tight junction protein, zona occludens 1 (ZO-1). SAH caused a large increase in barrier permeability and disrupted the normal junctional localization of ZO-1, with glibenclamide significantly reducing both effects. In addition, SAH caused large increases in markers of inflammation, including TNFa and NFjB, and markers of cell injury or cell death, including IgG endocytosis and caspase-3 activation, with glibenclamide significantly reducing these effects. We conclude that block of SUR1 by glibenclamide may ameliorate several pathologic effects associated with inflammation that lead to cortical dysfunction after SAH.
Introduction
Aneurysmal subarachnoid hemorrhage (SAH) is an important contributor to the overall stroke burden in society (Suarez et al, 2006) . Among those who survive SAH, secondary brain injury leads to significant early and delayed morbidity, including long-term cognitive and psychosocial disability, which are encountered in up to 50% of patients who make an otherwise good recovery in terms of self-care (Hackett and Anderson, 2000; Mayer et al, 2002) .
Ischemic/hypoxic injury due to cerebral vasospasm is considered to be a major cause of secondary injury to the brain after SAH. However, there is growing recognition that vasospasm alone does not fully account for the morbidity observed after SAH (Hansen-Schwartz et al, 2007; Macdonald et al, 2007) . Recent studies indicate that reversing vasoconstriction, for example with the endothelin antagonist, clazosentan, is not necessarily associated with improved clinical outcome (Macdonald et al, 2008) .
Additional mechanisms of secondary injury besides vasospasm have been identified after SAH (Hansen- Schwartz, 2004; Cahill et al, 2006; Macdonald et al, 2007) . Arguably the most important involves inflammation, which invariably is associated with secondary injury to the brain and which may itself be responsible for vasospasm (Sercombe et al, 2002) . Hallmarks of an inflammatory response in the cortex include vasogenic edema due to altered barrier permeability, and cell loss due to apoptosis (Stanimirovic and Satoh, 2000; Petty and Lo, 2002; Stamatovic et al, 2006) . However, molecular mechanisms linking inflammation to barrier permeability and apoptosis in SAH have not been elucidated.
The sulfonylurea receptor 1 (SUR1)-regulated NC Ca-ATP channel has been implicated in brain edema and cell death in the context of ischemia/hypoxia (Simard et al, 2006 (Simard et al, , 2007a (Simard et al, , 2008b , but a similar role in inflammation has not previously been postulated. However, when we analyzed the promoter region of Abcc8, the gene that encodes SUR1, we discovered that in rat and human, the 5 0 -flanking region contains at least two consensus binding sites for nuclear factor kB (NFkB). This finding suggested that SUR1 might be transcriptionally upregulated in the context of inflammation, and might participate in the pathologic response to SAH and other inflammatory conditions that affect the central nervous system. Here, we used a rat model of mild-to-moderate SAH to test the hypothesis that SUR1 is an important element in the inflammatory response after SAH. We report that SUR1 is upregulated after SAH, and that block of SUR1 using glibenclamide abrogates several pathologic manifestations of SAH, including inflammation, vasogenic edema, and caspase-3 activation. Our findings provide novel insights into molecular mechanisms responsible for cortical dysfunction after SAH, and point to SUR1 as a potential therapeutic target in SAH.
Methods

Model of SAH
All surgical procedures were approved by the Institutional Animal Care and Use Committee of the University of Maryland. An investigator who was blinded to the treatment and who did not evaluate outcome performed all of the surgical procedures. Fasted male Wistar rats (225 to 275 gm; Harlan, Indianapolis, IN, USA) were anesthetized (ketamine, 60 mg/kg and xylazine, 7.5 mg/kg, intraperitoneally) and allowed to ventilate air spontaneously. Temperature was maintained at 371C using a heating pad regulated by a rectal temperature sensor (Harvard Apparatus, Holliston, MA, USA). The laser Doppler flowmetry (LDF) probe (MoorLab, Moore Instruments, Sussex, UK) was affixed to the skull. The right carotid sheath was exposed through a ventral midline incision, the common, external and internal carotid arteries (CCA, ECA, ICA) were dissected, and the pterygopalatine artery was ligated. Typical blood gases (i-STAT; Heska Corp, Fort Collins, CO, USA), sampled from the CCA before injury, were pO 2 > 90 mm Hg, pCO 2 < 47 mm Hg, and glucose 150 to 200 mg/dL.
The model of SAH involved a single endovascular puncture of the ICA using a 4-0 filament sharpened at its tip, followed by reperfusion of the ICA (Schwartz et al, 2000) . With temporary clips on the CCA and ICA, the ECA was divided proximal to the ligature, the 4-0 nylon filament was introduced through the stump of the ECA into the ICA, arterial puncture was produced at B19 mm under LDF monitoring, the filament was withdrawn, the ECA stump was ligated and flow was restored to the CCA/ ICA. Unlike the widely used method in which a 3-0 filament is used to produce severe hemorrhage associated with high mortality, the method used here utilizing a 4-0 filament produced mild-to-moderate SAH associated with low mortality. We monitored relative cerebral blood flow (rCBF) using LDF to confirm the sharp decrease after puncture and filament withdrawal, and to assure the full recovery in rCBF within 10 to 15 mins of restoration of flow in the ICA, making ischemic injury less likely than in versions of the model in which the CCA is ligated. For the study reported here, 49 rats were subjected to the procedure for SAH, and of these, 5 rats were excluded due to subdural hemorrhage (attributed to proximal puncture), 6 did not exhibit adequate reperfusion, and 3 died early of unknown causes, leaving 35 for study.
To evaluate ischemic tissue injury 24 h after SAH, 2-mm coronal sections of brain were immersed in 2% 2,3, 5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, St Louis, MO, USA) in NS for 20 mins at 371C. To evaluate tissue hypoxia (pO 2 < 10 mm Hg) 24 h after SAH, rats were administered pimonidazole HCl (60 mg/kg, intraperitoneally) 30 mins before killing, and sections were immunolabeled according to the manufacturer's protocol (Hypoxyprobe-1 Plus kit; NPI, Burlington, MA, USA).
To evaluate the role of SUR1 in SAH, we examined the effect of the potent, selective SUR1 blocker, glibenclamide, administered at a low dose that does not produce hypoglycemia (Simard et al, 2008a, b) . Shortly after ( < 15 mins) inducing SAH, a loading dose of glibenclamide was administered (10 mg/kg, intraperitoneally) and a miniosmotic pump (Alzet 2002, 0.5 mL/h; Durect Corporation, Cupertino, CA, USA) was implanted for continuous infusion of drug subcutaneously. Controls received the same volume of vehicle in the same way. A stock solution of glibenclamide (Sigma, St. Louis, MO, USA) was made by placing 50 mg into 10 mL dimethylsulphoxide, and the injection/infusion solution was made by placing 400 mL stock into 4.6 mL unbuffered saline (0.9% NaCl) and clarifying the solution using a few microliters of 0.1 N NaOH (final pH B8.5). The osmotic mini-pumps delivered 0.5 mL/h, yielding infusion doses of 200 ng/h. This treatment is estimated to yield serum concentration < 10 nmol/L and has minimal effects on serum glucose (Simard et al, 2008a, b) .
Rats were killed 24 h after induction of SAH. In some cases, fresh tissues were collected for immunoblot. In other cases, animals underwent perfusion fixation for immunohistochemistry or in situ hybridization.
Immunohistochemistry
Cryosections (10 mm) were postfixed with 4% formaldehyde and immunolabeled using standard techniques. After permeabilizing (0.3% Triton X-100 for 10 mins), sections were blocked (2% donkey serum for 1 h; Sigma; D-9663), then incubated with primary antibody directed against: SUR1 (1:200; SC-5789; Santa Cruz Biotechnology, Santa Cruz, CA, USA); NeuN (1:100; MAB377; Chemicon, Billerica, MA, USA); glial fibrillary acidic protein (GFAP; 1:500; CY3 conjugated; C-9205; Sigma); vonWillebrand factor (1:200; F3520; Sigma); tumor-necrosis factor-a (TNFa) (1:100; Santa Cruz Biotechnology); p65 (1:100; Santa Cruz Biotechnology); FITC-conjugated immunoglobulin G (IgG; 1:200; Santa Cruz Biotechnology); zona occludens 1 (ZO-1; 1:100; Zymed Laboratories, San Francisco, CA, USA). Fluorescent-labeled, species appropriate secondary antibodies (Molecular Probes, Carlsbad, CA, USA) were used for visualization. Omission of primary antibody and competition with antigenic peptides, when available, were used as negative controls. Fluorescent signals were visualized using epifluorescence microscopy (Nikon Eclipse E1000).
For quantitative immunohistochemistry, all sections were immunolabeled as a single batch, as previously described (Gerzanich et al, 2003) . All images were collected using uniform parameters of magnification and exposure. Segmentation analysis was performed by computing a histogram of the pixel intensity for equal regions of interest (ROI) using IP Lab software, with the ROI confined to the 400 mm of parenchymal tissue dorsal to the pia of the inferomedial cortex ipsilateral to the SAH. For IgG, the overall pixel intensity of the ROI was determined and the background was subtracted. For TNFa, p65, and GFAP, specific labeling was defined as pixels with signal intensity greater than twice that of background, and the area occupied by pixels with specific labeling was used to determine the percent area with specific labeling (% ROI). For caspase-3, the number of nuclei with specific labeling in the ROI was counted.
Immunoblot
Lysates of inferomedial cortex, or of cultured bEnd.3 cells (ATCC, Monassas, VA, USA) that had been exposed to TNFa (20 ng/mL) for 6 h, were prepared by homogenizing in Radio-immuno-precipitation assay (RIPA) lysis buffer. SUR1 was immunoisolated using a custom antibody raised against amino acids 598 to 965 (Protein Id, NP_037171) in rabbits by a commercial service (Covance, Denver, PA, USA). This custom antibody was used to immunoisolate SUR1 using standard techniques, after which immunoisolated SUR1 was run on electrophoretic gels (NuPAGE 4% to 12% Bis-Tris gels; Novex; Invitrogen, Carlsbad, CA, USA). SUR1 was detected using the same custom antibody. Membranes were stripped and reblotted for b-actin (1:5,000; Sigma), which was used as a loading control. Detection was performed using the ECL system (Amersham BioTBIences Inc., Piscataway, NJ, USA) with routine imaging (Fuji LAS-3000) and quantification (Scion Image; Scion Corp, Frederick, MD, USA).
In Situ Hybridization
Fresh-frozen sections were postfixed in 5% formaldehyde for 5 mins. Digoxigenin-labeled probes (sense: 5 0 -GCCCGGGCACCCTGCTGGCTCTGTGTGTCCTTCCGCGCC TGGGCATCG-3 0 ) were designed and supplied by GeneDetect and hybridization was performed according to the manufacturer's protocol (www.genedetect.com/protocols.htm).
RT-PCR
bEnd.3 cells were exposed to TNFa (20 ng/mL) for 6 h. RNA was extracted with TRIzol reagent (Invitrogen). RT-PCR was performed using Reverse Transcription System (Promega, Madison, WI, USA). The target transcript was reverse transcribed at RT for 10 mins, then incubated at 421C for 15 mins. The cDNA was amplified using 35 cycles under the following conditions: 941C for 30 secs; 571C for 45 secs; 721C for 45 secs. The oligonucleotide primers corresponding to SUR1 were as follows: SUR1 (accession number NM_011510), forward primer (base 2,630 to 2,649) ccctctaccagcacaccaat, reverse primer (base 3,059 to 3,078) ctgatgcagcaccgaagata. RT-PCR products (449 bp) were analyzed using 2.0% agarose/EtBr gel electrophoresis.
Luciferase Reporter Assay
TNFa-stimulated activity of the promoter region of Abcc8 was determined using luciferase reporter plasmids as previously described. HeLa cells were transfected with luciferase reporter plasmids containing the rAbcc8 promoter (À3,853 to + 125) or four tandem NFkB consensus sequences (Clonetech, Mountain View, CA, USA) using Lipofectamine2000 (Invitrogen). Co-transfection of pRL-CMV, Renilla luciferase expression plasmid served as a control for transfection efficiency. The luciferase activity of cell extracts was determined using the Dual Luciferase system from Promega.
Electrophoretic Mobility Shift Assay
Nuclear extracts were prepared from bEnd.3 cells exposed to TNFa (20 ng/mL) using the N-XTRACT CelLytic NuCLEAR Extraction Kit (Sigma-Aldrich). Electrophoretic mobility shift assay (EMSA) was performed with biotinylated 22-bp duplex (5 0 -biotin-ACTTGGGAAATTCCCAAGCACC-3 0 ; Invitrogen) encompassing the binding site of NFkB on the proximal promoter region of rAbcc8. Biotinylated oligonucleotides were annealed as recommended by the manufacturer and mixed with the nuclear extract as per the protocol outlined in LightShift Chemiluminescent EMSA Kit (20148; Pierce Biotechnology Inc., Rockford, IL, USA). This mixture was run on a DNA Retardation Gel (Invitrogen) and transferred onto Biodyne B Pre-Cut Nylon Membrane (Pierce Biotechnology). Imaging was performed as for immunoblots. Specific binding to the target sequence was verified by competition with a 200-fold excess of unlabeled probe.
Statistical Analysis
Student's t-test or analysis of variance was used for group comparisons, as appropriate. A difference between groups was deemed to be significant if P < 0.05.
Results
Filament Puncture of ICA Produces Inflammation but not Hypoxia
To permit study of the inflammatory response to SAH exclusive of complications due to ischemia/hypoxia, we used a rat model of mild-to-moderate SAH (Schwartz et al, 2000) . In this model, SAH is produced by puncture of the ICA using an intraluminal 4-0 filament, with restoration of flow in the ICA. Blood accumulates in the subarachnoid space overlying the inferomedial cortex and in the basal cistern that contains the posterior cerebral artery (PCA) ( Figure 1A) . A single puncture with a 4-0 filament yields mild-to-moderate SAH, which is associated with low mortality, no delayed vasospasm, and no gross neurobehavioral abnormalities (Schwartz et al, 2000) .
We tested whether this model of mild-to-moderate SAH was associated with ischemia/hypoxia. Positioning the filament without puncturing the artery ('sham') was sometimes associated with a momentary reduction in rCBF that was of no hemodynamic significance ( Figure 1B ). After actual puncture, withdrawal of the filament resulted in a decrease in rCBF to 50% to 70% of baseline, which normalized gradually within 10 to 15 mins upon restoration of flow in the ICA ( Figure 1C ). None of these changes in rCBF produced ischemic effects measurable by staining with TTC ( Figures 1D and 1E ). Intentional occlusion of the MCA for 2 h causes a reliable infarction in dorsolateral cortex (Simard et al, 2008b) , but not in the inferomedial cortex where blood accumulates after SAH ( Figure 1F ).
The presence of minimal hypoxia in the inferomedial cortex was confirmed using pimonidazole, which labels tissues where pO 2 < 10 mm Hg ( Figure 1G versus Figure  1H ). By contrast, immunolabeling for the proinflammatory cytokine, TNFa, showed significant upregulation in the inferomedial cortex underlying the subarachnoid blood ( Figure 1I ). In combination, these data point to inflammation as the dominant mechanism underlying pathologic changes in this model of mild-to-moderate SAH.
SUR1 is Upregulated After SAH
Previous studies have shown that SUR1 and functional SUR1-regulated NC Ca-ATP channels are upregulated in various forms of severe central nervous system injury (Simard et al, 2006 (Simard et al, , 2007b (Simard et al, , 2008a , but this has not been reported in a nonhypoxic, proinflammatory context such as mild-to-moderate SAH.
In situ hybridization was used to detect mRNA for Abcc8, which encodes SUR1. In uninjured controls, the inferomedial cortex showed no signal (Figure 2A ), but 24 h after SAH, strong expression of Abcc8 mRNA was evident in neurons and microvessels in the inferomedial cortex adjacent to the SAH ( Figures 2B and 2C ). Immunohistochemistry for SUR1 showed minimal labeling in uninjured controls ( Figure 2D ), but 24 h after SAH, abundant expression of SUR1 was evident in the inferomedial cortex ( Figure 2E ). SUR1 upregulation in the inferomedial cortex 24 h after SAH was confirmed by immunoblot ( Figure 2F ). SUR1 expression was especially prominent in capillaries that colabeled for vonWillebrand factor ( Figures 3A-3C) , and in neurons that colabeled with NeuN ( Figures 3D-3F ).
We also examined SUR1 expression in the PCA, which was outside of the path of direct injury by filament puncture, but which was bathed in extravasated blood due to its location in the basal cistern. Immunohistochem-istry showed minimal labeling for SUR1 in uninjured controls ( Figures 3G-3I ), but 24 h after SAH, abundant expression of SUR1 was evident in the PCA, especially in endothelium but also in smooth muscle and adventitial layers ( Figures 3J-3L ).
Abcc8 is Activated by TNFa
We speculated that upregulation of Abcc8 mRNA and SUR1 protein after SAH might be related to the proinflammatory environment associated with SAH. This conjecture was supported by analysis of the 5 0 -flanking region of the Abcc8 promoter from rat and human, which showed the presence of at least two consensus NFkB binding sites.
We tested whether TNFa, the canonical activator of NFkB, could activate Abcc8 in cultured brain endothelial (bEnd.3) cells. After a 6-h exposure to TNFa, Abcc8 mRNA ( Figure 4A ) and SUR1 protein ( Figure 4B ) were both increased, consistent with the hypothesis that TNFa/NFkB stimulates de novo expression of SUR1.
Additional experiments were performed to advance this hypothesis. We used EMSA to test the hypothesis that NFkB can physically interact with the SUR1 promoter. EMSA was performed using nuclear lysate from cells exposed to TNFa, and with 22-bp DNA duplexes with a sequence encompassing the proximal NFkB consensus site on the Abcc8 promoter. Exposure of bEnd.3 cells to TNFa resulted in nuclear accumulation of the NFkB subunit, p65 (not shown). EMSA showed specific binding of nuclear extract to the DNA duplexes ( Figure 4C ), confirming that NFkB can physically interact with the rAbcc8 promoter.
Finally, we used a luciferase promoter assay to confirm the functionality of the putative NFkB binding sites in the Abcc8 promoter. Cells were transfected with a luciferase reporter plasmid containing the region of the rAbcc8 promoter encompassing the putative NFkB binding sites, or with plasmid containing four consensus NFkB binding sites, which was used as a positive control. Cells were cultured in the absence or presence of TNFa. As expected, TNFa stimulated luciferase activity driven by the NFkB binding sites B2.3-fold ( Figure 4D) . Similarly, activity of rAbcc8 promoter increased B2-fold with TNFa ( Figure 4D ), consistent with SUR1 transcription being stimulated by TNFa.
Together, the results from this series of experiments were consistent with the hypothesis that upregulation of Abcc8 mRNA and SUR1 protein after SAH was related to the proinflammatory environment associated with SAH.
Barrier Permeability
A key pathologic manifestation of SAH (Scholler et al, 2007; Yan et al, 2008) , as well as of TNFa upregulation (Megyeri et al, 1992; Holmin and Mathiesen, 2000) , is an increase in barrier permeability, which leads to protein extravasation and formation of protein-rich vasogenic edema. We quantified protein extravasation in the inferomedial cortex 24 h after induction of SAH, using IgG as the representative protein because it is not synthesized in the brain and, with its large molecular mass, its extravasa-tion reflects major barrier disruption. After SAH, IgG extravasation was especially prominent in the inferomedial cortex adjacent to the blood ( Figure 5B versus Figure  5A ). By contrast, inhibiting SUR1 using low-dose glibenclamide after SAH resulted in a significant reduction in IgG extravasation ( Figures 5C-5E ), reflecting a significant attenuation in the SAH-induced alteration in barrier permeability.
An increase in barrier permeability after SAH is associated with disruption interendothelial tight junctions (Yan et al, 2008) . Although numerous proteins contribute to the integrity of tight junctions, ZO-1 is particularly important, because the proper cellular localization and sealing of tight junctions is believed to depend on its scaffolding properties and its interaction with the actin cytoskeleton (Lai et al, 2005; Fanning et al, 2007) . To gain insights into the link between endothelial SUR1 and barrier integrity, we examined endothelium of the PCA, which was bathed in subarachnoid blood and showed prominent upregulation of SUR1 (see above). The advantage of studying the PCA is that, unlike capillaries, a cross-section of its endothelial layer allows one to evaluate many interendothelial tight junctions at once, with immunohistochemical staining for tight junction proteins yielding a characteristic pattern of regularly spaced 'points' of labeling representing highly restricted junctional localization between adjacent endothelial cells.
In the absence of injury, the normal pattern of expression of ZO-1 was characterized by a highly restricted junctional localization, with no discernable cytoplasmic localization ( Figure 5F ). After SAH, in vehicle-treated rats, the pattern of ZO-1 expression was severely disrupted, shifting from the normal intercellular junctional localization to predominantly cytoplasmic localization ( Figure 5G ). This finding is consistent with previous observations in vitro, wherein (F) Immunoblots of SUR1 immunoisolated from the inferomedial cortex from an uninjured control rat (CTR) and from a rat 24 h after SAH; immunoblots are shown for total lysates (TL), for supernatant after immunoprecipitation (S) and for immunoprecipitated SUR1 (IP). Immunolabeling was performed using a commercial anti-SUR1 antibody (Santa Cruz Biotechnology); immunoisolation and immunoblotting were performed using the custom anti-SUR1 antibody described in 'Materials and methods'. The results shown are representative of findings in three or more experiments.
TNFa was found to modulate tight junctions by rearrangement of the actin cytoskeleton (Blum et al, 1997) , and is consistent with the finding of IgG extravasation in the same rats. Notably, treatment with glibenclamide largely prevented the disorganization in the pattern of ZO-1 expression associated with SAH ( Figure 5H )-glibenclamide significantly reduced cytoplasmic localization and restored intercellular localization ( Figure 5I ), correlating well with the significant reduction in altered barrier permeability.
Inflammation
Protein extravasation (vasogenic edema) is associated with the accumulation of blood-borne substances in brain parenchyma that cause activation of microglia and astrocytes, and results in amplification of an inflammatory response (Yoshida et al, 2002; Wagner et al, 2005) . We evaluated the local inflammatory response by immunolabeling for TNFa and NFkB (p65), and we evaluated reactive astrocytes using immunolabeling for GFAP. In rats administered vehicle after SAH, the local inflammatory response was robust and astrocytes were strongly activated ( Figures 6A, 6C and 6E ). However, in rats treated with glibenclamide after SAH, local inflammation and reactive astrocytosis were significantly reduced ( Figures 6B,  6D , 6F and 6G).
Cell Death
Inflammation can result in cell injury, one manifestation of which is protein endocytosis, which in neurons, is an early marker of critical injury (Simard et al, 2008b) . After SAH, extravasated protein was taken up by many neurons in the region (Figures 7A and 7B) , consistent with significant neuronal dysfunction. By contrast, in rats administered glibenclamide after SAH, protein endocytosis was essentially absent ( Figure 7C ).
Inflammation can also result in activation of signaling pathways that can induce apoptosis (Gupta, 2002; Gaur and Aggarwal, 2003) . TNFa induces apoptosis in cultured cerebral endothelial cells through the activation of caspase-3 (Kimura et al, 2003) , and activation of caspase-3 has been reported in models of SAH (Aoki et al, 2002;  Gules et al, 2003). After SAH, many neurons in the inferomedial cortex exhibited nuclear labeling for activated caspase-3, confirming critical pathologic involvement ( Figure 7E versus Figure 7D ). Similarly, endothelial cells of the PCA typically showed extensive caspase-3 activation ( Figures 7H and 7J versus Figure 7G ). However, in animals administered glibenclamide, caspase-3 activation in the PCA was absent in 4 of 5 rats and was minimal in the fifth ( Figure 7I) , and in parenchymal tissues, caspase-3 activation was significantly reduced (Figures 7F and 7K ).
Discussion
In this report, we provide the first evidence that SUR1 is integrally involved in the pathophysiologic response to SAH. We show that Abcc8 mRNA and SUR1 protein were newly upregulated in cortex and in large vessels exposed to subarachnoid blood. Moreover, we show that critical pathologic responses to SAH-an increase in barrier permeability, inflammation and caspase-3 activation-were significantly attenuated by block of SUR1. Previous work has shown involvement of SUR1 or the SUR1-regulated NC Ca-ATP channel in other conditions affecting the central nervous system, including multiple different models of stroke (Simard et al, 2006 (Simard et al, , 2008b and spinal cord injury (Simard et al, 2007b) . In previous work, transcriptional upregulation of SUR1 and of the SUR1-regulated channel was attributed to ischemia/hypoxia. By contrast, in the present report, we show that the underlying mechanism governing the response to mild-to-moderate SAH was not hypoxia but inflammation, in particular, upregulation of the proinflammatory cytokine, TNFa. Several mechanisms of secondary injury are believed to be activated after SAH, including delayed effects of global cerebral ischemia, thromboembolism, microcirculatory dysfunction, and cortical spreading depression . The data presented here provide the first molecular evidence that SUR1 is transcriptionally activated and is pathologically involved in the context of inflammation after SAH.
The Model of SAH
The specific contribution of inflammation to the overall response to SAH has previously been difficult to assess, in part because existing animal models of SAH have been explicitly designed to emphasize vasospasm with ischemia/hypoxia, and therefore are inevitably complicated by the coexistence of more than one mechanism of secondary injury. Indeed, the rat filament puncture model was originally designed for study of vasospasm (Schwartz et al, 2000) . However, the version of this model that we used was one found to induce only mild-to-moderate SAH associated with low mortality and no significant vasospasm (Schwartz et al, 2000) . With this model, we showed that ischemia and hypoxia were not prominent, but that TNFa was upregulated and that NFkB was activated, consistent with an inflammatory response. Unlike most studies using related models with more severe SAH, our approach focusing on mild-to-moderate SAH allowed us to separate out an important pathologic response in vivo that could be duplicated in vitro-TNFa upregulationand examine the effect of this pathologic response on downstream cellular and molecular events, including those involving SUR1.
One potential weakness of this model is that, by necessity, it produced mild injury that was not associated with any gross neurobehavioral abnormality, making it difficult to examine any neurobehavioral benefit of block of SUR1. The entorhinal cortex affected by SAH in this model is believed to be important for contextual fear learning (Burwell et al, 2004) , and future studies are planned to determine whether the severity of injury used here translates into a functional deficit related to this specific (lane 4) . The results shown for RT-PCR, immunoblot, and EMSA are representative of findings in three to five replicate experiments. (D) Promoter activity was determined using a luciferase assay, in which the rAbcc8 promoter (À3,853 to + 125) or four tandem NFkB consensus sequences were linked to the luciferase gene; HeLa cells were transfected with these constructs, and luciferase activity, both basal and TNFa-stimulated (20 ng/mL), was quantified; n = 3 experiments; *P < 0.05; **P < 0.01. Figure 5 Glibenclamide reduces SAH-induced increase in barrier permeability and normalizes disruption of the tight junction protein, ZO-1. (A-C) Low power views of inferomedial cortex immunolabeled for rat IgG from an uninjured control rat (CTR) (A), and from rats 24 h after SAH, administered either vehicle (Veh) (B) or glibenclamide (GLIB) (C). (D, E) Quantitative analysis of IgG immunolabeling in two rats treated as indicated (D), and result of quantitative analysis in three groups of rats treated as indicated (E); five rats per group; **P < 0.01. (F-H) Cross-sections of PCA immunolabeled for ZO-1 from an uninjured control rat (F), and from rats 24 h after SAH, administered either vehicle (G) or glibenclamide (H). (I) Result of semiquantitative analysis of ZO-1 distribution in three groups of rats treated as indicated; scores of 1 to 4 represent, respectively: 1, punctate in most junctions; 2, punctate in all junctions; 3, predominantly junctional with some cytoplasmic localization; 4, predominantly cytoplasmic localization; 5 rats per group; *P < 0.05. cortex, and whether any abnormality may be reduced by inhibiting SUR1.
SUR1 and Barrier Permeability
Disruption of barrier integrity markedly increases permeability to fluid and solute and is the central pathophysiologic mechanism of many inflammatory disease processes involving the brain, including SAH. However, molecular mechanisms linking inflammation to an increase in barrier permeability are poorly understood.
Dynamic control of the endothelial barrier involves complex signaling to the endothelial cytoskeleton and to adhesion complexes between neighboring cells (Lai et al, 2005; Ueno, 2007) . The actual barrier is made up of the physical elements of tight junction complexes, the major constituents of which include transmembrane (junctional adhesion molecule-1, occludin, and claudins) and cytoplasmic (zonula occludens-1 and -2, cingulin, AF-6, and 7H6) proteins linked to the actin cytoskeleton (Hawkins and Davis, 2005; Ueno, 2007) . The proper cellular location and sealing of tight junctions depends on the scaffolding properties of ZO-1 and its relation to the actin cytoskeleton (Lai et al, 2005; Fanning et al, 2007) . Exposure to inflammatory cytokines including TNFa results in rearrangement of the cytoskeleton, ZO-1 disruption, cell retraction, and formation of intercellular gaps (Blum et al, 1997; Wojciak-Stothard et al, 1998; Fanning et al, 2007) . To our knowledge, the redistribution of ZO-1 that we observed in the endothelium of the PCA after SAH has not previously been reported. However, this finding is consistent with the hypothesis that the increase in barrier permeability invariably associated with SAH may be tied to a significant disruption of the endothelial actin cytoskeleton.
The data presented here indicate that under pathologic conditions, SUR1 may be important in the complex signaling pathway regulating barrier function. Although not shown here, we suspect that de novo upregulation of SUR1 was associated with expression of SUR1-regulated NC Ca-ATP channels (Simard et al, 2008a) , involvement of which would provide a plausible molecular mechanism to account for the increase in barrier permeability observed after SAH. Biophysically, the channel is a nonselective cation channel that allows passage of all inorganic monovalent cations, but not divalent cations. With typical concentrations of intracellular and extracellular ions, opening of a nonselective cation channel results in sodium influx, resulting in an increase in intracellular sodium concentration and in oncotic cell swelling (Simard et al, 2008a) . In many cells, an increase in sodium concentration or a perturbation of cell volume leads to reorganization of the actin cytoskeleton and weakening of intercellular tight junctions, leading to an increase in barrier permeability (Rajasekaran et al, 2008) . Thus, the data presented here suggest what seems to be a coherent picture linking SAH, TNFa upregulation, NFkB activation, SUR1 upregulation, possible upregulation and opening of SUR1-regulated NC Ca-ATP channels in endothelial cells, sodium influx, endothelial cell swelling and actin cytoskeletal rearrangement, loss of endothelial tight junction integrity, and formation of vasogenic edema.
SUR1 and Apoptosis
Administration of caspase inhibitors has been found to reduce caspase-3 activation after SAH (Aoki et al, 2002; Gules et al, 2003) . However, the present report showing that glibenclamide, which is not a direct inhibitor of caspase, significantly reduced caspase-3 activation, points to SUR1 as an important upstream target leading to apoptosis.
The molecular mechanism by which glibenclamide prevents activation of endothelial caspase-3 after SAH has not been completely determined, but it is reasonable to speculate that inhibition of the SUR1-regulated NC Ca-ATP channel is involved. As noted above, this channel is responsible for influx of sodium under pathologic conditions (Simard et al, 2008a) . Sodium, potassium, and chloride are important during cell death, and are involved in both the signaling and the control of apoptotic volume decrease. Cell depolarization and a rapid increase in intracellular sodium occur early after an apoptotic stimulus (Bortner et al, 2001) , with the primary stage of apoptotic volume decrease being characterized by an early exchange of the normal intracellular ion distribution for sodium from 12 to 114 mmol/L, and for potassium from 140 to 30 mmol/L (Bortner et al, 2008) . In Jurkat cells, sodium influx is absolutely required for apoptotic cell shrinkage, and pharmacological inhibition of sodium influx completely prevents the onset of anti-Fas-induced apoptosis (Bortner and Cidlowski, 2003) . These effects on sodium and potassium ions in Jurkat cells are reproduced by inactivation of sodium/potassium-ATPase (Bortner et al, 2001) . Notably, in cells that express the SUR1-regulated NC Ca-ATP channel, precisely the same effects on cell depolarization and sodium influx are observed with channel opening (Simard et al, 2008a) . Further work will be required to explicitly show a direct link between the SUR1regulated NC Ca-ATP channel, sodium influx, and endothelial cell apoptosis. Nevertheless, the data presented here are the first to show in vivo that pharmacological inhibition of a molecular mechanism known to be associated with pathologic sodium influx can effectively block apoptosis.
Glibenclamide may act directly on parenchymal cells to exert an antiapoptotic effect, as explained above for endothelial cells. Alternatively, protection may have been indirect, mediated by a reduction in barrier permeability. Vasogenic edema is not only a manifestation of injury, but can itself be injurious. Infusion of plasma or plasma constituents into the brain exacerbates edema formation, upregulates expression of proinflammatory cytokine genes, is associated with DNA fragmentation, necrosis and apoptosis, and causes activation of microglia and infiltration of neutrophils (Yoshida et al, 2002; Wagner et al, 2005) . Thus, the activation of caspase-3 in cortical cells after SAH, as well as the increase in TNFa, NFkB, and GFAP, can easily be accounted for by the increase in barrier permeability associated with SAH. Similarly, the decrease in barrier permeability associated with block of SUR1 may be sufficient to account for the decrease caspase-3 activation, as well as the decrease in TNFa, NFkB, and GFAP, observed with glibenclamide treatment.
SUR1-Regulated NC Ca-ATP Channel and Capillary Dysfunction
Previous work from this laboratory has linked the SUR1-regulated NC Ca-ATP channel to various types of edema (Simard et al, 2006 (Simard et al, , 2007a . Cytotoxic edema (cellular or oncotic edema) has been shown in astrocytes to result from opening of the channel, leading to sodium influx down its electrochemical gradient, which in turn drives chloride influx to maintain electrical neutrality and water influx to maintain osmotic neutrality, which together cause oncotic cell swelling. Ionic edema has been shown to result from opening of the channel in endothelial cells, with luminal and abluminal channel expression resulting in transcapillary passage of sodium from blood to brain parenchyma, which in turn drives transcapillary chloride and water flux, resulting in formation of protein-poor ionic edema in the brain. Here, we postulate that, if sodium flowing into the endothelial cell ceases to exit into the parenchyma, this will give rise to an increase in intraendothelial sodium concentration, resulting in actin cytoskeleton rearrangement, thus compromising the integrity of tight junctions and leading to paracellular flow of plasma, resulting in formation of protein-rich vasogenic edema. Finally, we have previously discussed that end-stage endothelial dysfunction involving the channel may result in formation of petechial hemorrhages. We postulated that formation of petechial hemorrhages results from unchecked opening of the channel in endothelial cells, resulting in oncotic death of endothelial cells and total structural failure of the capillary, resulting in extravasation of blood (Simard et al, 2007b) . Each of these stages of cellular and capillary endothelial dysfunction has been shown to be significantly ameliorated by pharmacological block of SUR1, with concomitant beneficial effects in stroke (Simard et al, 2006 (Simard et al, , 2008b , spinal cord injury (Simard et al, 2007b) and now, SAH.
Summary
Here, we present novel findings supporting the hypothesis that SUR1, and possibly the SUR1-regulated NC Ca-ATP channels, is important in the pathophysiology of SAH. Our data indicate that the potent pharmacological inhibitor, glibenclamide, was highly effective in reducing several short-term effects of SAH, including barrier disruption and caspase-3 activation. Our findings provide new insights into molecular mechanisms responsible for vasogenic edema and cell death after SAH. Much work remains to be performed, however, to elucidate this novel area of pathologic assessment involving SUR1, including identification of the pore-forming subunit of the channel and examination of longer term outcomes. Nevertheless, the data presented here point to SUR1 as a potentially important therapeutic target to ameliorate vasogenic edema and cell death associated with SAH.
